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In situ 1H NMR analysis
Inverting mechanism
His284 mutantBacterial sialyltransferases of the glycosyltransferase family GT-80 exhibit pronounced hydrolase
activity toward CMP-activated sialyl donor substrates. Using in situ proton NMR, we show that
hydrolysis of CMP-Neu5Ac by Pasteurella dagmatis a2,3-sialyltransferase (PdST) occurs with axial-
to-equatorial inversion of the conﬁguration at the anomeric center to release the a-Neu5Ac product.
We propose a catalytic reaction through a single displacement-like mechanism where water
replaces the sugar substrate as a sialyl group acceptor. PdST variants having His284 in the active site
replaced by Asn, Asp or Tyr showed up to 104-fold reduced activity, but catalyzed CMP-Neu5Ac
hydrolysis with analogous inverting stereochemistry. The proposed catalytic role of His284 in the
PdST hydrolase mechanism is to facilitate the departure of the CMP leaving group.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction with axial-to-equatorial inversion of the anomeric conﬁgurationAttachment of sialic acid residue(s) is a key ﬁnal step in the bio-
synthesis of complex oligosaccharides, mostly on glycoproteins
and gangliosides. Sialic acid-capped oligosaccharide structures
are central elements of cellular recognition [1,2]. Sialyltransferases
are glycosyltransferases (EC 2.4.99) that utilize a CMP-activated
donor substrate, typically CMP-N-acetylneuraminic acid (CMP-
Neu5Ac), to catalyze sialylation of nascent oligosaccharide
acceptors [3,4]. Sialyltransferases are widely distributed in animal
tissues [5–7], but are also present in other organisms including
yeasts [8] and bacteria [9].
Chemically, the sialyltransferase reaction involves nucleophilic
substitution at the C2 of the transferred sialyl residue and proceeds[10,11]. A single displacement-type catalytic mechanism via an
oxocarbenium ion-like transition state has been proposed
(Fig. 1A) [12]. In this mechanism, a general catalytic base on the
enzyme facilitates attack of the acceptor substrate on the reactive
C2, and departure of the CMP leaving group is assisted from
another enzyme group through electrostatic stabilization
(Fig. 1B) or partial protonation [13–15].
A common feature of glycosyltransferase active site function is
effective exclusion of water nucleophile from the catalytic center,
thus reducing the possibility for ‘‘error hydrolysis’’ during the
reaction [16–18]. Bacterial sialyltransferases differ from their
counterpart enzymes from mammalian sources, and they are also
unusual among the glycosyltransferases in general, in that they
often exhibit pronounced hydrolase activity toward their nucleo-
tide-activated donor substrate [19–23]. Sialyltransferases of family
GT-80 are effective CMP-Neu5Ac hydrolases in particular. Studies
of Pasteurella sp. sialyltransferases from family GT-80 reveal that
hydrolysis of CMP-Neu5Ac occurs in the absence, but also in the
presence of acceptor substrate [21–24].
The catalytic mechanism by which sialyltransferases hydrolyze
their donor substrate is not completely clear, and this study was
Fig. 1. (A) Proposed single displacement-like axial-to-equatorial inverting mechanism of the catalytic reaction of family GT-80 bacterial sialyltransferases. The ROH acceptor
is the nucleophile of the reaction. While in the ‘‘normal’’ sialyltransferase reaction, ROH is a carbohydrate, typically D-galactose or D-galactoside, the same mechanism might
result in CMP-Neu5Ac donor substrate hydrolysis when water replaces ROH. (B) Key active-site residues in crystallographic and biochemical studies of PmST1 (pink, PDB code
2IHZ) and corresponding residues in the modeled structure of PdST (grey, homology model [22]). CMP-3F(a)Neu5Ac (drawn with green-colored carbon atoms) and lactose
(drawn with yellow-colored carbon atoms) are shown. (C) Products of inverting (a-Neu5Ac) and retaining (b-Neu5Ac) CMP-Neu5Ac hydrolysis.
K. Schmölzer et al. / FEBS Letters 588 (2014) 2978–2984 2979performed to obtain deepened understanding. A highly probable
hydrolase mechanism is one of single displacement-like reaction
(Fig. 1A) where water replaces sugar substrate as sialyl group
acceptor. However, a recent study of Pasteurella multocida
sialyltransferase PmST1 suggested the possibility of a more plastic
mechanism of CMP-Neu5Ac hydrolysis [23]. Using in situ monitor-
ing of the hydrolysis reaction with proton NMR, Chen and
colleagues showed that donor substrate hydrolysis by PmST1
occurred with either one of the possible stereochemical outcomes,
that is, the formation of both a- and b-Neu5Ac [23] (Fig. 1C).
Different stereochemical courses of the reaction necessitate
distinct catalytic mechanisms [11]. Elucidation of how a single sial-
yltransferase active site might be able to promote hydrolysis with
inversion and retention at the same time presents an interesting
mechanistic problem. The type of stereochemical ‘‘promiscuity’’
suggested for PmST1 lacks precedence among glycosyltransferases.
Herein we report the stereochemical course of CMP-Neu5Ac
hydrolysis catalyzed by wild-type and mutated a2,3-sialyltransfe-
rases PdST from Pasteurella dagmatis. PdST shares with PmST1 the
common membership to glycosyltransferase family GT-80 [25]
and is about 70% identical to it in amino acid sequence [22]. Using
in situ reaction monitoring by proton NMR under conditions that
rigorously eliminate possible interference from Neu5Ac mutarota-
tion, we show that PdST exhibits absolute stereochemical ﬁdelity
in acting as an inverting CMP-Neu5Ac hydrolase. Variants of the
enzyme in which the catalytic His284 was replaced by Asn, Asp
or Tyr exhibited strongly decreased activity compared to wild-
type PdST, but catalyzed donor substrate hydrolysis also with
inversion of anomeric conﬁguration. A catalytic mechanism for
CMP-Neu5Ac hydrolysis by PdST is proposed. A possible role of
His284 as catalytic nucleophile in enzymatic trans-sialylation reac-
tion with retention of equatorial anomeric conﬁguration was also
investigated.2. Materials and methods
2.1. Chemicals
Neu5Ac was from Carbosynth (Compton, Berkshire, UK). All
other materials are described elsewhere [22].
2.2. Site-directed mutagenesis
Mutations to replace His284 by Asn (H284N), Asp (H284D) or Tyr
(H284Y) were introduced by two-stage PCR [26] where a
pET23a(+) expression vector encoding r3PdST (variant of wild-
type PdST elongated by three amino acids at the N-terminus
[22]) was used as template. Full experimental details are summa-
rized in Supplementary information. All inserts were conﬁrmed
by DNA sequencing.
2.3. Protein expression and puriﬁcation
Protein expression in Escherichia coli and preparation of the cell
lysate were done as previously described [22]. Target proteins
were puriﬁed via their C-terminal His-tag, as described under Sup-
plementary information. SDS PAGE was used to conﬁrm purity of
enzyme preparations.
2.4. Sialyltransferase and CMP-Neu5Ac hydrolase activity
a2,3-Sialyltransferase activity was assayed in a total volume of
20 lL using 50 mM sodium phosphate buffer, pH 8.0. Reaction
mixture contained 1 mM CMP-Neu5Ac, 1 mM acceptor (2-nitro-
phenyl-b-D-galactopyranoside; oNP-bGal), 5 lM enzyme, and
1 mg/mL BSA. Enzymatic conversion was carried out at 25 C and
agitation rate of 400 rpm using a Thermomixer comfort (Eppendorf,
2980 K. Schmölzer et al. / FEBS Letters 588 (2014) 2978–2984Germany). All assays were performed in duplicate. Reactions were
stopped at certain times by adding 40 lL of ice-cold acetonitrile.
Mixtures were incubated on ice for 10 min and centrifuged to
remove precipitated protein. Samples were analyzed by reverse
phase ion-pair HPLC (see Supplementary information).
CMP-Neu5Ac hydrolase activity was assayed under exactly the
same conditions just described, except that no oNP-bGal was pres-
ent in the reaction. Sampling and sample analysis were also carried
out as described above (Supplementary information).
2.5. In situ 1H NMR measurements
A Varian (Agilent) INOVA 500-MHz spectrometer (Agilent Tech-
nologies, Santa Clara, United States) was used for NMR measure-
ments at the indicated temperatures in D2O/H2O solutions
employing VNMRJ 2.2D software. 1H NMR spectra were measured
at 499.98 MHz on a 5 mm indirect detection PFG-probe. Enzymatic
reactions were performed at 5 C (wild-type) or 28 C (His284
mutants) in a total volume of 600 lL in sodium tartrate buffer
(50 mM, pH 5.5) containing 1 or 2 mM CMP-Neu5Ac, enzyme
(5 lM of wild-type PdST; 43 lM of H284N; 8.5 lM of H284Y;
61 lM of H284D) and 1 mg/mL BSA. 1H NMR spectra were
recorded with pre-saturation of the water signal by a shaped pulse.
Standard pre-saturation sequence was used: relaxation delay 2 s;
90 proton pulse; acquisition time 2.048 s; spectral width 8 kHz;
number of points 32 k. Between 8 and 64 scans were accumulated
depending on the rate of the enzymatic reaction. Arrayed spectra
were acquired with an array of pre-acquisition delay of 60 s.
2.6. Trans-sialylation assay
a2,3-Trans-sialylation activity was assayed in a total volume of
20 lL using 50 mM citric acid buffer, pH 5.5. Reaction mixture con-
tained 1.58 mM 30-sialyllactose, 1.58 mM oNP-bGal, 1 lM wild-
type enzyme or 5 lM His284 mutant, and 1 mg/mL BSA. Reactions
were performed with and without 1 mM CMP. Enzymatic conver-
sion was carried out at 25 C using an agitation rate of 400 rpm
in a Thermomixer comfort incubator (Eppendorf, Germany). Sam-
pling and sample analysis were carried out as described above
for sialyltransferase assay (also see Supplementary information).
The decrease in the substrate (oNP-bGal) and the increase in prod-
uct were measured.
3. Results and discussion
3.1. Stereochemical course of hydrolysis of CMP-Neu5Ac by wild-type
PdST
Hydrolysis of CMP-Neu5Ac by wild-type PdST was analyzed
with time-resolved in situ 1H NMR spectroscopy, focusing on deter-
mination of the anomeric conﬁguration of the released Neu5Ac
product in particular. However, mutarotation of Neu5Ac was a
problem, necessitating optimization of reaction conditions so that
the enzymatic reaction was appreciably faster than spontaneous
equilibration of Neu5Ac anomeric forms. It was known from
literature [27–31] and was veriﬁed herein (Fig. S1, Supplementary
information) that b-Neu5Ac (92%) strongly prevails over
a-Neu5Ac (68%) at mutarotation equilibrium. Therefore, this result
suggested special caution in the product analysis. Uncatalyzed
hydrolysis of CMP-Neu5Ac was shown to be slow enough to not
interfere with the enzymatic conversion in the time span of the
experiment.
Reaction at pH 5.5 and 5 C was chosen based on results of
preliminary experiments (Figs. S2–S4, Supplementary information)
and literature [27,28,32–34]. Conversion of CMP-Neu5Ac and
formation of hydrolysis product, a-Neu5Ac or b-Neu5Ac, weretracked by the equatorial and axial H-3 proton signals of each of
the Neu5Ac species, which are discriminated in the aliphatic region
of the 1H NMR spectrum. Fig. 2 shows a stack plot of spectra
recorded at different reaction times. Already the ﬁrst spectrum,
which was obtained after 2 min, revealed a characteristic signal
for the H3eq proton of a-Neu5Ac (H3eq = 2.86 ppm). Note that the
H3ax signal of a-Neu5Ac was not resolved due to spectral overlap
with the corresponding H3ax from CMP-Neu5Ac (1.74 ppm). Reac-
tion progress was reﬂected clearly in signal intensity increase from
the H3eq of a-Neu5Ac. By contrast, signal from b-Neu5Ac was not
detectable, even after extended incubation times of up to 26 min
(Fig. 2). Advance of the mutarotation was noticeable only later,
b-Neu5Ac appeared after 40 min. Conversion of CMP-Neu5Ac was
complete after about 1 h.
These results provide clear evidence of an axial-to-equatorial
inverting stereochemical course of CMP-Neu5Ac conversion by
PdST that yields a-Neu5Ac as the sole hydrolysis product. From
the complete absence of b-Neu5Ac in the product mixture within
26 min, we conclude that the alternate (axial-to-axial retaining)
stereochemical course was not utilized in the catalytic reaction
of PdST. Stereochemical promiscuity in the hydrolysis of CMP-
Neu5Ac, observed for PmST1 [23], is therefore not a common
feature of catalytic function of family GT-80 sialyltransferases.
Mechanistically, hydrolysis of CMP-Neu5Ac with inversion might
occur through a single displacement-like catalytic process
(Fig. 1A), where water substitutes the carbohydrate acceptor sub-
strate of the canonical sialyltransferase reaction. In this scenario,
‘‘error hydrolysis’’ would result from competition between carbo-
hydrate and water acting as nucleophiles of the reaction (Fig. 1A).
3.2. Consequences of site-directed replacements of His284
Rationale for choosing amino acid residues to replace His284 was
ﬁrst of all to eliminate potential general acid catalysis to CMP-
Neu5Ac hydrolysis (His? Asn; H284N) because unlike the original
histidine (Fig. 1A and B), Asn284 is not a competent proton donor to
the phosphodiester group of the donor substrate. The canonical
sialyltransfer and also CMP-Neu5Ac hydrolysis were therefore
likely to be affected by the substitution His? Asn. Secondly, we
wanted to introduce potentially acidic and at the same time also
nucleophilic residues (His? Tyr, H284Y; His? Asp; H284D) in
the active site. While it is highly improbable that CMP-Neu5Ac
hydrolysis receives catalytic support from a nucleophilic residue
at position 284, PdST catalyzes an additional reaction, the so-called
trans-sialylation, where Neu5Ac is transferred from sialylated car-
bohydrate donor substrate (e.g. 30-sialyllactose) to a carbohydrate
acceptor (e.g. oNP-bGal) [22]. The reaction proceeds through an
equatorial-to-equatorial retaining stereochemical course, giving
Neu5Aca2,3Gal-oNP as the product [22]. Possible participation of
an enzyme nucleophile (His311) in the trans-sialylation reaction of
sialyltransferase PmST1 has been considered in an earlier study
[12]. It was therefore interesting to examine CMP-Neu5Ac hydroly-
sis and also trans-sialylation activities of the PdST mutants. Note
that retaining sialidases and trans-sialidases were previously
shown to utilize tyrosine for nucleophilic catalysis [35–41]. Asp
or Glu are common catalytic nucleophiles in retaining glycoside
hydrolases [42]. The three PdST variants (H284N, H284Y, H284D)
were obtained as highly puriﬁed protein preparations from E. coli
overexpression cultures (data not shown).
Table 1 summarizes speciﬁc sialyltransferase and CMP-Neu5Ac
hydrolase activities of the PdST variants along with the corre-
sponding speciﬁc activities of the wild-type enzyme. Exchange of
His284 resulted in up to 104-fold decrease in activity for sialylation
of oNP-bGal, indicating high importance of the histidine for
catalytic function of PdST. Interestingly, replacement of the
homologous His311 by Ala in PmST1 had a comparably small effect
Fig. 2. Time-resolved 1H NMR (500 MHz) analysis of wild-type PdST (5 lM) catalyzed CMP-Neu5Ac hydrolysis. For reaction conditions, see Section 2. The initial CMP-Neu5Ac
concentration was 1.0 mM.
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WT 5.9 3.7 1.6
H284D 2.1104 7.6103 2.8102
H284Y 9.4103 4.8102 2.0101
H284 N 3.4102 5.6102 6.1101
The S.D. for speciﬁc activities was equal or smaller than 6% of the reported values.
a Acceptor: oNP-bGal, product: Neu5Aca2,3Gal-oNP; see Section 2 for the assays
used.
b RTH is the ratio of speciﬁc activities of sialyltransfer to donor substrate hydro-
lysis in the absence of acceptor substrate.
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utilization [21]. Here, speciﬁc activity for CMP-Neu5Ac hydrolysis
in the absence of acceptor substrate was also decreased, up to
103-fold, in the PdST variants. To express change in apparent reac-
tion selectivity brought about by substitution of His284, we deﬁne
the selectivity parameter RTH, which is the ratio of the speciﬁc
activity of the canonical sialyltransfer from CMP-Neu5Ac to oNP-
bGal and the speciﬁc activity of CMP-Neu5Ac donor substrate
hydrolysis in the absence of acceptor substrate. Note that RTH is
not an expression of the intrinsic enzyme selectivity. Under the
conditions used, RTH also includes effects on acceptor substrate
binding. In wild-type PdST, RTH had a value of 1.6, indicating that
sialyltransfer was preferred over hydrolysis. RTH was lowered
drastically as consequence of substitution of His284, as shown in
Table 1. From its RTH value of 0.028, the H284D variant of PdST
could no longer be considered a sialyltransferase, but rather
behaved as a major CMP-Neu5Ac hydrolase. More detailed investi-
gations of the molecular basis of RTH and the effect of substitution
of His284 on RTH were beyond the scope of the study and were left
for consideration in the future.All PdST mutants lacked trans-sialylation activity above
detection limit with the methods used (2  104 U/mg). By way
of comparison, the wild-type enzyme exhibited a speciﬁc trans-
sialylation activity of 0.15 U/mg. CMP (1 mM) stimulated the activ-
ity of wild-type PdST (0.90 U/mg), and it also elicited a tiny amount
of trans-sialylation activity in the H284N mutant (5  104 U/
mg). The trans-sialylation product of the H284N reaction co-eluted
in HPLC with authentic Neu5Aca2,3Gal-oNP standard. Therefore,
this suggested a stereochemical course of the enzymatic transfor-
mation where the equatorial anomeric conﬁguration of substrate
was retained in product. The H284Y and H284D mutants were
completely inactive even in the presence of CMP. Overall, these
results do not support a role of His284 as nucleophile in the retain-
ing trans-sialylation reaction catalyzed by PdST. However, more
research will be needed to clarify the enzymatic mechanism of
trans-sialylation with retention of conﬁguration.
Effect of enhanced hydrolase activity in PdST variants was eval-
uated in ‘‘synthesis experiments’’ where sialylation of oNP-bGal
from CMP-Neu5Ac was the target reaction. Fig. S5 (Supplementary
information) compares reaction time courses for the PdST variants
to that of the wild-type enzyme. All reactant concentrations except
that of Neu5Ac were observed analytically, and results are reported
on the basis of veriﬁed mass balance for the overall conversion.
Previous study of wild-type PdST has shown that enzymatic trans-
formation of oNP-bGal is completely regioselective and gives
Neu5Aca2,3Gal-oNP as sole sialyltransfer product [22]. Fig. 3A
shows superimposition of HPLC elution proﬁles of samples from
the different enzymatic reactions. Only a single sialyltransfer prod-
uct was formed in each reaction, and this product co-eluted with
authentic Neu5Aca2,3Gal-oNP standard, providing strong evidence
in support of product identity. We therefore concluded that regi-
oselectivity of sialylation of oNP-bGal was not changed as result
of substitution of His284. The result also implies sialyltransfer by
the PdST variants according to the same axial-to-equatorial invert-
ing stereochemical course as that of the wild-type enzyme.
Fig. 3. (A) Superimposition of HPLC elution proﬁles of samples from sialylation of
oNP-bGal catalyzed by wild-type PdST and His284 variants thereof. Authentic
Neu5Aca2,3Gal-oNP elutes with a retention time of 8.7 min. Retention times of the
other components in the sialyltransferase reaction mixture are 1.4 min (CMP),
2.1 min (CMP-Neu5Ac) and 4.5 min (oNP-bGal). (B) Time course of the enzymatic
synthesis of Neu5Aca2,3Gal-oNP. H284N (d, s); H284Y (j, h); H284D (N,D); and
WT (,e); closed symbols, Neu5Aca2,3Gal-oNP; open symbols, CMP. 0.5 lM (wild-
type) and 5 lM (His284 variants) of enzyme were used. (C) Neu5Aca2,3Gal-oNP
yields (black bars) after complete conversion of CMP-Neu5Ac and the correspond-
ing ratios of donor substrate hydrolysis to sialyltransfer under ‘‘synthesis condi-
tions’’ (grey bars), when acceptor substrate (oNP-bGal) was present in the reactions.
Note therefore that the ratios given here are not simply the reciprocal RTH values
shown in Table 1, even though 1/RTH reﬂects the trend seen in synthesis
experiments.
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Neu5Aca2,3Gal-oNP in the different conversions. It also shows
the release of CMP for reference to the progress of donor substrate
utilization. The H284N and H284Y variants converted CMP-
Neu5Ac fully in the time span of the experiment. Reaction was
substantially slower with the H284D variant. Error hydrolysis of
CMP-Neu5Ac was the predominant way of donor substrate conver-
sion with each enzyme, however, especially with the H284Dvariant. Yields of the Neu5Aca2,3Gal-oNP product did not exceed
40% based on CMP-Neu5Ac converted in the reactions of the PdST
variants (Fig. 3C) whereas in reaction of the wild-type enzyme
under otherwise identical conditions, the yield was 80%
(Fig. 3B, C and S5, panel A, Supplementary information) [22]. Donor
substrate conversion by H284D variant occurred almost exclu-
sively via hydrolysis, with a maximum yield of Neu5Aca2,3
Gal-oNP well below 10%.
3.3. Stereochemical course of CMP-Neu5Ac hydrolysis by PdST variants
Low speciﬁc activities of the PdST variants necessitated that
in situ proton NMR analyses of the stereochemical course of
CMP-Neu5Ac hydrolysis were performed under conditions differ-
ent from the ones used with the wild-type enzyme. Temperature
was increased to 28 C, and enzyme concentration was also raised
by up to tenfold. Spectra were recorded every 5 min, and charac-
teristic spectrum at representative time from each reaction is
shown in Fig. 4. With each PdST variant, enzymatic conversion of
CMP-Neu5Ac resulted in release of mainly a-Neu5Ac while the
corresponding b-anomer was detectable only in tiny amounts.
The presence of b-Neu5Ac can be explained by slow mutarotation
of the a-Neu5Ac formed in the enzymatic reaction. The alternative
scenario where a-Neu5Ac is generated via mutarotation of enzy-
matically formed b-anomer is clearly not possible due to position
of the mutarotation equilibrium (see Section 3.1). Relevant con-
trols performed under otherwise identical conditions, however,
in the absence of enzyme showed that uncatalyzed hydrolysis of
CMP-Neu5Ac occurred at a rate about 15 to 110-fold slower than
the enzymatic rates, and that its main reaction end-product was
actually b-Neu5Ac in accordance with results of earlier studies
[34] (Fig. S6, Supplementary information). Therefore, these results
are consistent with an axial-to-equatorial (b-to-a) inverting ste-
reochemical course of CMP-Neu5Ac hydrolysis by each of the three
PdST variants.
3.4. Mechanistic implications for PdST-catalyzed hydrolysis of CMP-
Neu5Ac
Crystal structure of PmST1 in complex with the catalytically
incompetent donor substrate analogue CMP-3F(a)Neu5Ac [21]
(Fig. 1B) shows that His311 is in a position to establish a tight
hydrogen bond with a non-bridging oxygen atom of the CMP’s
phosphate group. This might allow the histidine to (partially) pro-
tonate the CMP leaving group, as required if its catalytic function
were that of a Brønsted acid facilitating glycosidic bond cleavage
in CMP-Neu5Ac. However, the relevant pKa of CMP is relatively
low (6.19 [43]), and there is the question, therefore, whether
Brønsted acid catalysis would be particularly effective in assisting
in the leaving group departure. Supported by the crystallographic
observations (Fig. 1B), a plausible alternative scenario of catalytic
function is that His311, and the homologous His284 in PdST, provide
simply electrostatic stabilization to the departing CMP moiety in
the transition state of the single displacement-like catalytic reac-
tion. Decrease in reaction rate of H284N variant by about 100-fold
compared to the reaction rate of the wild-type enzyme (Table 1)
implies loss of 11.4 kJ/mol of transition state stabilization energy
as result of the site-directed substitution. The observed amount
of transition state destabilization in the H284N variant lies at the
lower end of, but is clearly within the possible range of the ener-
getic consequences of removal of a charged hydrogen bond [44].
Replacement of His284 by Asp is expected to be more difﬁcult to
accommodate by PdST than the corresponding Asn or Tyr replace-
ment, due to the drastic change in active-site electrostatics that it
produces under the assumption that the Asp is ionized. Coherently,
the H284D variant was by far the least active among the PdST
Fig. 4. 1H NMR (500 MHz) spectra of samples from hydrolysis reactions catalyzed by H284N, H284Y, and H284D variant of PdST are shown. For reaction conditions, see
Section 2. The initial CMP-Neu5Ac concentration was 2.0 mM.
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strate relative to each other is probably also very critical in the
reaction of PdST, and a water nucleophile can probably tolerate
site-directed replacements far more easily than a carbohydrate
acceptor. Each site-directed substitution of His284, however, espe-
cially the substitution with Asp, resulted in substantial decrease
in RTH to progressively (Asn < Tyr < Asp) favor hydrolysis over
sialyltransfer.
The relatively high level of hydrolase activity in the family
GT-80 sialyltransferases PdST [22] and PmST1 [23] remains some-
what enigmatic, particularly in light of bacterial sialyltransferases
of family GT-42 and GT-52, which utilize different active-site
structures to achieve the same axial-to-equatorial inverting sialyl-
transfer at however relatively scant donor substrate hydrolysis
[19,20,45]. We note that sialyltransferases of family GT-80 exhibit
substantially higher activities than most other sialyltransferases
from different GT families. Chemically, higher reactivity is some-
times connected to lower selectivity, and the notion might also
apply to sialyltransferase catalysis. How sialyltransferases ﬁne-
tune their catalytic center interactions to prevent erroneous reac-
tion with water is an interesting problem of both fundamental
and applied importance in the ﬁeld.
4. Conclusions
In summary, we demonstrate herein that CMP-Neu5Ac hydroly-
sis by PdST proceeds with axial-to-equatorial conﬁguration
inversion, presumably as result of a single displacement reaction,
just like the canonical sialyltransfer to carbohydrate acceptorscatalyzed by this enzyme. Stereochemical promiscuity indicated
by formation of inversion and retention product simultaneously,
as reported for PmST1 from the same family GT-80 [23], was ruled
out rigorously for PdST. Substitution of active-site His284 by Asn,
Tyr or Asp had no impact on the donor hydrolysis mechanism:
each PdST variant catalyzed CMP-Neu5Ac conversion with
analogous inverting stereochemistry. Furthermore, mutational
studies of PdST support a catalytic role of His284 in donor substrate
hydrolysis, which is to facilitate the departure of the CMP leaving
group probably through electrostatic interactions (Fig. 1B). A
possible role of His284 as catalytic nucleophile in enzymatic
trans-sialylation with retention of equatorial anomeric conﬁgura-
tion is not supported.Acknowledgements
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